Introduction
More than 1,600 years ago, Ge Hong (284-346 CE) described the medicinal herb Artemisia annua for the treatment of "marsh fever". In the 1970s, the Chinese project 523 led by Pr Tu Youyou isolated a non-toxic extract of A. annua, which induced 100% parasite clearance in animal models of malaria (Plasmodium berghei and P. cynomolgi) [1] . The active component of this extract, artemisinin, was identified in 1972. Its stereostructure (Sesquiterpene lactones) was identified in 1975. Studies conducted in humans in the 1980-90s led to recommending artemisinin and its derivatives in the first-line treatment of malaria: oral artemisinin-based combination therapy for the treatment of uncomplicated malaria, and parenteral artesunate for the treatment of severe malaria [2] [3] [4] . New artemisinin-like ozonides are being investigated as a way to cope with the emergence of artemisinin-resistant P. falciparum, and to treat diseases other than malaria. Nonetheless, the mechanisms of action of artesunate and artemisinin derivatives on plasmodial species are not extensively studied and are still controversial [5, 6] . The oxidative and metabolic stress triggered by the cleavage of the endoperoxide bond by ferrous heme is the major mechanism of parasite killing.
In in vitro and animal models, artesunate presents broad antiparasitic effects (Schistosoma sp., Fasciola hepatica, Babesia sp., etc.), strong anti-infectious effects (cytomegalovirus, Ebola, etc.), and anti-tumor, anti-inflammatory, anti-oxidant, anti-angiogenesis, and immunomodulatory effects [7, 8] . However, artesunate and artemisinin derivative activities in vitro and in humans are different and results must be interpreted cautiously as their half-lives and dosages vary.
The aim of this study was to analyze available data on artesunate and artemisinin derivative activity in humans and their potential clinical benefits in non-malarial indications.
Material and methods
We consulted PubMed and the Cochrane Library databases, and used the PRISMA method to conduct this literature review [9] .
We included randomized or non-randomized studies published in English from January 2008 to August 2017 performed in humans in controlled or uncontrolled groups. We used the same indicators of drug efficacy between the compared groups. We included meta-analyses and literature reviews, two exploratory phase 1 or 2 trials, case series, and relevant case reports. We used the MeSH terms "artemisinin", "Schistosoma", "Fasciola", "Leishmania", "cytomegalovirus", "Ebola virus", "Borrelia", "lung cancer", "breast cancer", "colorectal cancer", and "cervix cancer". To introduce these studies performed in humans, we present the most relevant in vitro and animal studies that preceded.
Results

Confirmed mechanisms of action of artesunate and artemisinin derivatives in infectious diseases other than malaria in humans
The most common underlying mechanisms of action of artemisinin derivatives seem to be the oxidative and the metabolic stress as described for P. falciparum, responsible for cell damages and the death of the infectious agents [10] .
Anti-parasitic action of artemisinin derivatives
Artemisinin derivatives have a wide range of anti-parasitic activity, only demonstrated in in vitro or animal models, against Trypanosoma spp., Toxoplasma gondii, F. hepatica, Babesia spp., Acanthamoeba castellanii, Naegleria fowleri, and Echinococcus spp. [7, 8, 10] .
Few studies (Table 1) have been performed in humans to assess the efficacy of artemisinin derivatives against Schistosoma spp. (n = 4), Leishmania spp. (n = 1), and F. hepatica (n = 1).
Schistosomiasis is a helminthic disease affecting more than 200 million people in the tropics as well as travelers. Treatment mainly relies on a single drug, praziquantel, for the chronic stage of the disease. Praziquantel cannot kill schistosomula at the invasive stage of the disease. This results in frequent treatment failures [11] . Artemisinin derivatives were active against schistosomula in in vitro and animal models, and a combination Table 1 Artesunate and artemisinin derivative activities in human parasitic infections (apart from antimalarial activity). 3 randomized trials and 3 meta-analyses comparing the efficacy of artemisinin derivatives and praziquantel in the treatment of schistosomiasis were included Artesunate alone is less effective than praziquantel alone Artesunate and praziquantel in combination seem to be more effective that praziquantel alone
Activité de l'artésunate et des dérivés d'artémisinine au cours d'infections parasitaires chez l'homme (activité anti-plasmodiale mise à part
No description of the methodology of this review The authors did not distinguish studies evaluating the efficacy of artesunate as a curative treatment of schistosomiasis from studies evaluating artesunate as a prophylactic treatment Randomized controlled trial Keiser et al., 2014 [19] To assess the efficacy and tolerability of the following treatments against S. haematobium in school-aged children (n = 61) in Ivory Coast: praziquantel (40 mg/kg once); mefloquine (25 mg/kg) combined with praziquantel (40 mg/kg once); mefloquine-artesunate (250mg-100 mg for 3 days) combined with praziquantel (40 mg/kg once) Primary outcome measure: CR and ERR (urine samples collected before, on Days 21-22 and Days 78-79 after the first dosing, and filtrated to detect the eggs)
No statistical difference in efficacy was observed between the three treatment groups at each follow-up (days 21-22 and days 78-79) Day 21-22 post-treatment follow-up: CR = 33% (95% CI 11-55) for praziquantel, 29% (95% CI 8-50) for mefloquine-artesunate-praziquantel, and 26% (95% CI 5-48) for mefloquine-praziquantel; and ERR > 94% for all Day 78-79 post-treatment follow-up: CR = 19% (praziquantel) to 33% (mefloquine-artesunate-praziquantel), and ERR > 90%. Praziquantel monotherapy was the best tolerated treatment (mefloquine-artesunate-praziquantel group: 91% of mild adverse events; mefloquine-praziquantel group: 95% of mild adverse events)
The viability of excreted eggs was not determined. Counts of dead eggs might have been included in the analysis, and the reported cure rates might underestimate the true situation. It is therefore impossible to draw any conclusion of artemisinin derivatives and praziquantel showed synergistic effects [7, 8, 10, [12] [13] [14] . In animal models, artemisinin derivatives strongly reduced total worm rates, worm eggs shedding, and egg-caused granuloma in the liver of host animals [13] . Interestingly, artemether, artesunate, and dihydroartemisinin were as active against praziquantel-resistant S. japonicum as against the sensitive strain, which shows great promises in the fight against praziquantel resistance [15, 16] . The combination of artemether and hemin led to higher worm reduction rates than artemether alone [17] . A recent meta-analysis of studies performed in humans confirmed that:
• artemisinin derivatives used in combination with praziquantel have the potential to increase the cure rates in schistosomiasis treatment, with no significant difference between S. mansoni, S. haematobium, and S. japonicum; • artesunate alone is less effective than praziquantel alone;
• repeated doses of artemisinin derivatives have a prophylactic effect, significantly reducing the incidence of Schistosoma japonicum infections compared with placebo [18] .
This prophylactic effect could be explained by the potential efficacy of artemisinin derivatives against schistosomula. Keiser et al. [19] performed a randomized trial and demonstrated that the addition of mefloquine or mefloquine-artesunate does not increase the efficacy of praziquantel alone against chronic S. haematobium infection and that praziquantel alone was the best tolerated treatment. Artesunate monotherapy may not be beneficial because its activity only affects the early stages of the parasite. In contrast, praziquantel acts against the mature forms of the parasite, curing 60% to 90% of patients presenting with S. mansoni infections and 22% to 83% of patients presenting with S. haematobium infections [20, 21] . Martinez-Calle et al. [22] reported a case of imported acute schistosomiasis with asymptomatic eosinophilia, with initial negative urine microscopy, empirically treated as malaria with artesunate. The late seroconversion showing S. haematobium (7.5 months later) is indicative of a partial effect of artesunate on the course of the disease. However, artesunate was unable to definitely cure the patient. Other studies are required to measure the efficacy of various treatment protocols with artesunate or artemisinin derivatives in acute schistosomiasis.
As artemisinin derivatives in combination with praziquantel seem promising to treat S. mansoni, S. japonicum, and S. haematobium infections additional clinical trials are required to elucidate the effect of these combinations. Artesunate alone as a prophylactic drug should be used with caution as S. japonicum resistance to artesunate has already been described in China after 10 years of use in the treatment and prevention of schistosomiasis and as the efficacy on schistosomula is still controversial [22, 23] .
Fascioliasis is an emerging zoonotic disease of considerable veterinary and public health importance, causing liver and biliary tract infections. Triclabendazole is the only drug available for treatment. In vitro studies and animal models have documented promising fasciocidal properties of artemisinin derivatives [8] . Only one study was performed in humans (phase 2 trial) and demonstrated that artemether, administered as malaria treatment, showed no or only little effect against fascioliasis, and hence could not represent an alternative to triclabendazole [24] . The role of artemether and other artemisinin derivatives as partner drug in combination chemotherapy remains to be elucidated [24] .
Leishmaniasis manifests primarily as cutaneous leishmaniasis, mucocutaneous leishmaniasis, or visceral leishmaniasis, with the latter being fatal if left untreated. Current anti-leishmanial drugs include pentavalent antimonials, amphotericin B, paromomycin, pentamidine, and miltefosine, with toxic effects and emergence of resistance. A large number of in vitro and animal model studies have shown that artemisinin derivatives have an anti-leishmanial activity with limited adverse events [10] . Only one study was performed in humans and failed to demonstrate the efficacy of the combination of artesunate and sulfamethoxypyrazine-pyrimethamine to treat cutaneous leishmaniasis compared with placebo, as described in Table 1 [25] .
Antiviral activity of artesunate and artemisinin derivatives
Artemisinin derivatives present a wide range of antiviral activities, proven in in vitro or animal models, against cytomegalovirus (CMV), hepatitis B virus, hepatitis C virus, HIV 1, Epstein-Barr virus, herpes simplex viruses 1 and 2 (HSV1 and HSV2), human herpes virus 6, polyomavirus, and Ebola virus [7, 8, 26] .
Few studies have been performed in humans to assess the efficacy of artesunate against HSV2 (n = 1), CMV (n = 5), and Ebola virus (n = 1) ( Table 2 ).
One case report described an HSV2 infection resistant to aciclovir, penciclovir, and foscarnet in an immunocompromised patient who fully recovered after 30 days of oral artesunate (100 mg per day) [27] .
CMV is a major cause of disease in immunocompromised individuals, including patients presenting with AIDS and transplant recipients. It is also a common cause of congenital infection. Artesunate has proved active against CMV in in vitro and animal models [8, 26, 28] . Such studies demonstrated the efficacy of artesunate against CMV, even against ganciclovirresistant CMV strains [8, 28] . The in vitro combination of artesunate and conventional anti-CMV drugs seems to be an interesting strategy for the treatment of CMV infections to reduce toxicity and drug resistance development [29] . Moreover, artesunate does not target the viral DNA polymerase of CMV and its mechanisms of action rely on the inhibition of the central regulatory processes of CMV-infected cells (such as activation pathways dependent on NF-B or Sp1). It thus interferes with critical host-cell type and metabolism requirements for CMV replication [26] . This is interesting as artesunate presents a lower toxicity than conventional anti-CMV drugs. Very few case reports and case series describing the clinical effects of artesunate on CMV infection are available, and they reported controversial results [30] [31] [32] [33] . Some case reports of patients presenting with multidrug-resistant CMV infection demonstrated the efficacy of oral artesunate (100 mg per day) for at least 30 days [30, 31, 33] . Two prospective controlled trials Quantitative CMV DNA PCR performed on dried blood spots collected from 494 Ugandan children, who were randomized either to artesunate + amodiaquine or sulfadoxine-pyrimethamine + amodiaquine for acute malaria infection CMV detection: in 11.4% of children prior to treatment and 10.7% 3 days later (P = 0.70). Average quantity of CMV: 0.30 log 10 copies/million cells, and higher on Day 3 than Day 0 (95% CI 0.01-0.58, P = 0.041).
No measurable difference in either the frequency or quantity of CMV detected in blood between both arms
Only 3 days of artesunate combined with amodiaquine whereas with the conventional treatment with ganciclovir the viral load of CMV in blood decreases slowly in transplant patients (< 0.5 log 10 copies/mL) Maybe longer courses and higher doses than those used for malaria are required to decrease CMV viremia Prospective uncontrolled pilot study Wolf et al., 2011 [33] 6 stem cell transplant recipients received preemptive artesunate (200 mg × 2/day for 1 day, followed by 100 mg/day for 28 days) as a compassionate treatment for multidrug-resistant CMV infection. Viral kinetics following initiation of artesunate was calculated. Artesunate was discontinued upon lack of clear virological response (defined as viral load increase or decrease by < 0.5 log DNA copies/ml) on days 7, 14, and 21
Two patients demonstrated a rapid 0.8-2.1 log viral load decline by Day 7, with a viral decay half-live of 0.9-1.9 days Four patients demonstrated a continuous viral growth during treatment No adverse events were observed in treatment courses of up to 28 days A divergent antiviral efficacy was revealed, ranging from 43% to 90%, which appeared to be primarily dependent on the virus baseline growth dynamics Further dose escalation studies are required to examine the role of artesunate in the treatment of CMV infection in transplant recipients The small number of patients and the early discontinuation of artesunate in 4/6 patients do not enable to conclude on artesunate antiviral efficacy in heavily immunosuppressed patients 7 patients with Lyme borreliosis included to assess the efficacy of artesunate (20 mg × 4/day) in combination with ceftriaxone on short-term memory outcomes. Diagnostic criteria: serology (not specified); treatment evaluation: self-report questionnaire on short-term memory
No significant reduction in the severity of short-term memory difficulties (P 0.08) in patients treated with artesunate + ceftriaxone
Stages and symptoms of Lyme borreliosis, serology, self-report questionnaire, and duration of treatment not mentioned Other concomitant medications not evaluated HSV2: type 2 Herpes Simplex Virus; CMV: cytomegalovirus; IV: intravenous; RR: Risk ratio; AE: Adverse events. Bold in tables means important informations or results, to underline the informations or the results and to make easier to read the tables.
were performed. The first trial reported a lower median viral load of CMV in the urine of patients treated for malaria with artemether-lumefantrine than in the urine of those who did not receive antimalarial treatment [34] . The second trial did not report any difference in the blood viral load of CMV in children treated with standard three-day artesunate-amodiaquine or sulfadoxine/pyrimethamine-amodiaquine [35] . Longer treatment courses and/or higher doses of artesunate than those routinely used for malaria may be required for an effective treatment of CMV infection. Further studies are required to assess the efficacy of artesunate against CMV in humans.
During the last Ebola epidemics (2014-2016), antimalarials were systematically prescribed to all patients presenting with Ebola virus disease. One study of 382 patients demonstrated that the artemether-amodiaquine group had a 31% lower risk of death than the artemether-lumefantrine group (RR 0.69; 95% CI 0.54-0.89) [36] . Nonetheless, amodiaquine is known for its anti-Ebola virus activity. This study therefore does not prove the activity of artemether against Ebola virus.
Antifungal activity of artesunate and artemisinin derivatives
No study in humans has been performed. Artemisinin derivatives showed in vitro activity against Cryptococcus neoformans, Candida albicans, and Aspergillus fumigatus [7, 8] . A synergistic effect was reported in combination with miconazole for C. albicans and with itraconazole for A. fumigatus [37, 38] .
Antibacterial activity of artesunate and artemisinin derivatives
Several studies conducted in animal models reported that artesunate could enhance the anti-MRSA (methicillin-resistant Staphylococcus aureus) and the anti-E. coli activity of betalactams by inhibiting the release of pro-inflammatory cytokines and by increasing antibiotic accumulation in the bacteria via inhibition of the multidrug efflux pump system AcrAB-TolC [39] [40] [41] [42] . We did not find any study performed in humans.
An in vitro study demonstrated the activity of artemisinin against in vitro amoxicillin-induced round bodies of Borrelia burgdorferi but artemisinin presented high minimum inhibitory concentrations (MICs) in active forms of Borrelia [43] . Moreover, these round forms of Borrelia are only observed in vitro and not in vivo [44] . In Lyme borreliosis, a non-comparative pilot study conducted in seven patients did not report any significant reduction in the severity of short-term memory difficulties (P 0.08) in patients treated with artesunate and ceftriaxone [45] . The diagnostic criteria of borreliosis, the disease stage and symptoms, and the self-report questionnaire were not reported. Moreover, these patients received many other medications poorly evaluated in clinical trials (N-acetylcysteine, cholestyramine, broccoli extract, artichoke extract, etc.) that represent confounding factors to evaluate artesunate efficacy. Therefore, this study does not enable to conclude on the efficacy of artemisinin in human Lyme borreliosis.
Mechanisms of action of artesunate and artemisinin derivatives in non-infectious diseases
Anti-tumor activity of artesunate and artemisinin derivatives
The in vitro activity of artesunate against tumor cells was confirmed by animal studies of glioblastoma, brain tumor, pituitary macroadenoma, esophageal cancer, breast cancer, colorectal cancer, lung cancer, cervix carcinoma, melanoma, pancreatic cancer, hepatocellular carcinoma, prostate cancer, ovarian cancer, and leukemia [7, 8, [46] [47] [48] [49] [50] [51] . Its mechanisms of action are based on the cleavage of the endoperoxide bridge and its subsequent oxidative stress responsible for:
• the formation of free radicals;
• a cycle cell arrest in phase G0-G1; • DNA damages;
• NF-kB signaling;
• apoptosis, autophagy, ferroptosis; • angiogenesis inhibition;
• an effect on signal transduction pathways (e.g. TCTP which regulates cell cycle transition, apoptosis, calcium homeostasis, and cytoskeleton) [52] .
The role of iron in artemisinin derivative activity has already been described above and is crucial for tumor cells that express significantly more transferrin receptor on their cell surface than normal cells [52] [53] [54] . It explains why artemisinin derivatives preferentially kill tumor cells rather than normal cells. It also indicates that ferrous iron and transferrin might boost artemisinin derivative cytotoxicity in a tumor-specific manner. For example, ferrous glycine sulfate enhanced artemisinin-induced cytotoxicity in most tumors, including cisplatin-resistant neck tumor, but adverse events were described [53, 54] . Moreover, specific cytotoxicity of artemisinin towards colorectal cancer (CRC) cells can be enhanced with the addition of aminolevulinic acid (ALA), a clinically used heme synthesis precursor, to increase heme levels. This novel artemisinin/ALA combination therapy proved to be more effective than artemisinin monotherapy in a mouse xenograft CRC model [49] . To our knowledge, no study conducted in humans and assessing these combinations has been published.
Few studies have been performed in patients presenting with neoplastic diseases. Several case studies reported the efficacy of artemisinin derivatives administered as compassionate treatments for uveal melanoma, glioblastoma, prostatic cancer, hepatocellular carcinoma, breast cancer, and laryngeal squamous cell carcinoma [55] . Only four controlled trials [56] [57] [58] [59] were conducted in lung, colorectal, breast, and cervix cancers ( Table 3) .
Zhang et al. [56] performed a randomized controlled trial and reported that artesunate could be used for the treatment of nonsmall cell lung cancer (NSCLC) in combination with vinorelbine and cisplatin as the disease control rate was higher than with standard chemotherapy alone, and the time to progression was longer. As the article was written in Chinese, we could not analyze it in detail and it is impossible to draw a conclusion from these results. Krishna et al. [57] performed a randomized placebocontrolled trial and demonstrated that artesunate had antiproliferative properties in colorectal cancer (reduction of the expression of Ki67, which is an important prognostic tumor marker in colorectal cancer). However, they could not conclude on the clinical efficacy as their first endpoint could not be interpreted. Artesunate was well tolerated.
Von Hagens et al. [58] performed a prospective, monocentric, open, uncontrolled, phase I, dose-finding study (optimal daily dose and safety of prolonged treatment) in patients (n = 23) presenting with advanced breast cancer. Oral artesunate was safe and well tolerated up to 200 mg/day. Response assessment could not be performed for eight patients. Stable disease, considered as a clinical benefit, was however observed in 10 patients (150 mg and 200 mg). Progression was observed in the remaining assessable patients (n = 5).
Jansen et al. [59] reported an improvement in clinical symptoms (2/10 patients) and the good tolerability of Artenimol-R in 10 patients presenting with advanced carcinoma of the uterine cervix.
These trials do not enable to conclude on artesunate efficacy in lung, colorectal, breast, and cervix cancers due to methodological limitations (small samples, outcomes, etc.).
Anti-inflammatory effect of artesunate and artemisinin derivatives
Anti-inflammation is the third main effect of artemisinin derivatives. They are able to regulate innate and adaptive immunity in vitro and in vivo [60] . They significantly reduce the phagocytosis of macrophages and the in vivo phagocytic index, and they inhibit TNF␣ production from macrophages (suppression of nuclear translocation of NF-B) [39] [40] [41] [42] . Besides suppressing pro-inflammatory cytokine production, artemisinin derivatives could also induce the anti-inflammatory cytokine production, such as IL-10 [61] . Artemisinin derivatives can suppress T cell activation and IL-2 production both in vitro and in vivo [62] . This latter study revealed that artemisinin derivatives (precisely SM934) could exhibit extensive protective effects in chronic inflammation conditions such as clinically effective corticosteroids. Several animal studies demonstrated a good effect on autoimmune diseases (arthritis, dermatitis, hepatic and pulmonary fibrosis, myasthenia gravis, colitis, encephalomyelitis, systemic lupus erythematous, etc.), allergic diseases (dermatitis and asthma), Alzheimer's disease, and atherosclerosis [7, 8, 60, 63, 64] . Only one study performed in humans (n = 90) reported that topical artesunate was effective against allergic dermatitis and photosensitive lesions (eczema, erythema multiforme, polymorphous light eruption, hygroa aestivale) and moderately effective against atopic dermatitis, psoriasis vulgaris, and dermatomyositis [65] . Unfortunately, we could only read the abstract as the article was not available in English and no detail was given on the study design and its methodology. Therefore we cannot draw any conclusion from this study.
Anti-hemorrhagic activity of artesunate and artemisinin derivatives
Subarachnoid hemorrhage (SAH) is a devastating cerebrovascular disease, responsible for a high morbidity and case fatality. In animal models, artesunate managed to preserve the blood-brain barrier integrity and improved neurological outcomes after SAH [7] . Its mechanisms of action are the activation of Claudin 3 and 5 (blood-brain barrier proteins forming tight junction), the inhibition of pro-inflammatory mediators in BV2 microglial cells, the inhibition of vascular smooth muscle cells, and the decrease in leukocyte adherence and accumulation in brain vessels (anti-ICAM1 activity, as in cerebral malaria) [7] . No study was performed in humans presenting with SAH or other cerebrovascular diseases such as intracerebral hemorrhage or ischemic cerebrovascular disease, intracranial aneurysm, or malformation, etc. Further studies are required to assess the efficacy of artesunate in these cerebrovascular diseases.
Conclusion
Artesunate and artemisinin derivatives are indicated as the first-line treatment of malaria. In humans, they demonstrated efficacy in the curative treatment of schistosomiasis but only in combination with praziquantel. Artesunate monotherapy may not be beneficial for patients presenting with chronic schistosomal disease. However, questions remain about the efficacy of artesunate during the invasive stage of the disease because its activity affects the early stages of the Schistosoma spp. parasite and artesunate could be efficient. Additional clinical trials are required to elucidate the effect of these combinations in various situations. Findings seem promising in the treatment of multidrug-resistant CMV with mild infections but data is scarce and still controversial. Artesunate and artemisinin derivatives could be interesting in cervix, breast, colorectal, and lung cancers, but the studies do not enable to draw any conclusion on their efficacy yet. Clinical studies are needed to assess the relevance of artemisinin derivatives both as anti-inflammatory and antihemorrhagic drugs. Finally, more trials in humans are required to assess the efficacy of artesunate and artemisinin derivatives in other diseases than malaria. No clear recommendation can be formulated so far.
Contribution of authors
AR performed the literature analysis and wrote the article. SJ supervised this work and reviewed the article. FB, CR, MT, EC, and PB reviewed the article.
